OFDM is a promising technique for high data rate transmission and the channel estimation is very important for implementation of OFDM. In this paper, cyclic prefix (CP) can be used as a source of channel information which is originally used to reduce inter symbol interference (ISI). Based on this CP observation, we propose two cross coupled dual Kalman filters to track the channel variations without additional training sequences. One Kalman filter AR parameter estimation and another for fading channel estimation.
Introduction
In OFDM systems, due to user mobility, each carrier is subject to Doppler shifts resulting in time-varying fading. Thus, the estimation of the fading process over each carrier is essential to achieve coherent symbol detection at the receiver. In that case, training sequence/pilot aided techniques and blind techniques are two basic families for channel estimation. Training based methods require the transmission of explicit pilot sequences followed by suitable filtering. This paper focuses on estimation of fading wireless channels for OFDM, using the ideas of Cyclic Prefix (CP) based estimation and adaptive filtering.
The time-varying fading channels are usually modelled as zero-mean wide-sense stationary circular complex Gaussian processes, whose stochastic properties depend on the maximum Doppler frequency denoted by f d . According to the Jakes model [1] , the theoretical Power Spectrum Density (PSD) of the fading process, is band-limited. Moreover, it exhibits twin peaks at ± f d . The fading wireless channel statistics can be directly estimated by means of the Least Mean Square (LMS) and the Recursive Least Square (RLS) algorithms as in [2] . Alternatively, Kalman filtering algorithm combined with an Autoregressive (AR) model to describe the time evolution of the fading processes and it provides superior performance over the LMS and RLS based channel estimators in [3] . In addition, when the AR model parameters are unknown, dual filtering algorithms are used to estimate the fading channels.
In this paper, for the channel estimation of OFDM, a system model and architecture over fading channels are presented. In the next section a CP based model and the different channel estimation algorithms Kalman and Dual-Kalman are discussed. The performance results are discussed in the next section, finally simulation results are presented.
Existing Methods for Channel Estimation
Different Channel Estimation methods are proposed based on training sequence, blind and semi-blind. In practice we either assume the channel is invariant and use the initial training to get the channel estimation are periodically employ training sequence to trap the channel variations. These will cause performance loss or increase the overhead of the system. So, we present that the CP in OFDM which is used to reduce ISI and normally discarded at the receiver can be viewed as a training sequence for channel estimation. In paper [3] , channel estimation is proposed by two Kalman filters based on noisy data as training sequence. In this paper, we present two cross coupled Kalman by using CP as training sequence and their performances are compared.
System Model
In the following, we consider a low to moderate Doppler environment, which allows for a block fading (quasistatic) channel assumption. This implies that the channel tap variations within OFDM symbol duration are negligible, and hence we may define an L×1 channel tap vector for each OFDM symbol as
where h n (l) is the l th channel tap for the n th OFDM symbol.
The classical Doppler spectrum for each of the L channel taps is approximated by an independent AR-2 process [4] .
For the l th channel tap at n th OFDM symbol, we have
where a 1 and a 2 are the AR-2 coefficients are defined in [5] and v n (l) is the modelling noise for l th tap at symbol n.
OFDM Architecture over Fading Channel
We consider an OFDM system as in Figure 1 with N data subcarriers. Input data are buffered, converted to a parallel stream and modulated to i.i.d. equi-probable symbols X n (k), where X n (k) denotes the k th symbol of the n th OFDM symbol. Each symbol mapped to some complex constellation points, X n (k), k=0,1,. . ,N-1 at each n. The modulation is implemented by N-point inverse discrete Fourier transform (IDFT) for the symbol vector
gi is appended to form the transmitted vector as
where
The received symbol corrupted by fading channel and AWGN becomes
where n is the OFDM symbol index, zn(m) is an AWGN sample with zero mean and variance σ 2 at instant m in the n th OFDM symbol. Demodulation involves removing the cyclic prefix and taking N-point DFT of the received vector to get
In frequency domain, we have over each subcarrier
where H n (k) is the channel frequency response at subcarrier k given by
and z n (k) is the noise on subcarrier of n OFDM symbol i.e.,
At the receiver, the channel estimator is followed by frequency domain equalizer. After equalization, the estimated symbol at the k th symbol becomes
where is the estimate of
The estimated symbolsˆ( n X k are then demapped to output bits.
CP Based Channel Estimation Techniques
This section describes the use of various adaptive filtering algorithms in CP based frame work for channel estimation in OFDM systems. From Equation (5), we know that
Gathering the received samples of the n th received OFDM symbol for time instants 0≤m≤gi -1, we obtain a gi×1 vector
which is the CP of the received OFDM symbol, and
is the gi×1 vector of AWGN samples affecting the CP part of the n th received OFDM symbol.
Kalman Filtering (KF) Algorithm
When operating in a non-stationary environment, Kalman filter [6] is known to yield an optimal solution to the linear filter problem. This subsection describes the application of KF to the channel estimation problem in OFDM. For this purpose, the system is formulated as a state-space model, with unknown channel taps comprising the state of the system. We assume that the state S n , to be estimated at OFDM symbol index n, comprises of channel taps at two consecutive OFDM symbols [7] .
From Equation (1) and Equation (2) we have
From above equations we get
We observe that Equation (16) provides the basis for forming the process equation as
Here
0 L×L denotes the L×L matrix of all zeros and I L is the L×L identity matrix.
where v n (l) is the modelling noise as in (2) From Equation (11), we have
. . .
(1)
We observe from above that following provides the basis for forming measurement equation as
where the measurement matrix n A in Equation (20) is formed from the matrix A n by augmenting it with a null matrix as
Here A n is a gi×L matrix of transmitted symbols that determine the CP of the received OFDM symbol. 
Considering that the CP appended to an OFDM symbol is a replication of the last gi values of that symbol, we may write A n in terms of transmitted CP value as,
A n has gi rows corresponding to gi consecutive time instants of the CP. The L elements of each row are the transmitted symbol values affecting the received CP value at that instant. This matrix structure assumes that the CP length is at least equal to the number of taps in the channel impulse response, i.e. no inter block interference.
The measurement noise vector Z n,CP , in Equation (20), comprises the gi×l vector of AWGN samples affecting the cyclic prefix part of the OFDM symbol.
We observe that Equation (17) and Equation (20) 
where K n is the 2L×gi Kalman gain matrix , is the state estimate at the n th OFDM symbol, Q 1 and Q 2 are the covariance matrices of v n and Z n,CP respectively, P n|n-1 is the priori covariance matrix of estimation error , and P n is the current covariance matrix of estimation error. When the channel taps are modelled as a zero mean random process, the algorithm is initialized with an all-zero state vector. Besides this, the assumption of uncorrelated scattering (US) causes the different channel taps to be i.i.d., and the error covariance matrix is initialized as an identity matrix.
The receiver operates in training and decision directed modes. In training mode the known transmitted CP (x n,CP ) and CP part of the received OFDM symbol (y n,CP ) form the input to the above Kalman filter algorithm, and get the channel estimation H n (k), we get
In decision directed mode the receiver uses the estimated channel vector from the previous OFDM symbol to demodulate the received symbol and generate an estimate of transmitted CP ( ). Here the transmitted CP part can be estimated by previous estimated channel i.e.,
This estimated CP and CP of the received OFDM symbol (y n,CP ) helps to estimate the channel.
The equations from (23) to (29) can be carried out by providing the AR parameters that are involved in the transition matrix B and the driving process variances are available. In case, these are unknown, for estimating these parameters Dual-Kalman filtering technique is used.
Dual-Kalman Filtering Algorithm
To estimate the AR parameters θ n from the estimated fading process ĥ n , Equation (28) is firstly represented as an AR-2 model to express the estimated fading process as a function of θ n (AR parameter vector).
ˆˆ ( 1) (
where r n is the estimated channel vector, θ n is the AR parameter vector defines as .
and w n is the L×1 noise vector as in Equation (19).
When the channel is assumed to be stationary, the AR parameters are time-invariant and satisfy the following relationship
As Equation (33) and Equation (34) define a statespace representation for the estimation of the AR parameters, a second Kalman filter can be used to recursively estimate θ n as follows [3]
where Q 3 is the covariance matrix of the w n , the error covariance matrix and the initial AR parameter vector are defined as
Noise parameters estimation
Apart from estimating the AR parameters, we also need to estimate the noise parameters for the fading channel
Results and Conclusions
In this analysis we compare CP based dual Kalman and Kalman. At SNR of 10db, BER of Kalman is 10 -0.8 where as for dual Kalman; this value is 10 -1.81
. For Overall SNR is concerned, dual Kalman gives better performance and doesn't require any additional training sequence like training bits and noise. (Figure 2) 
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